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(57) Abstract 



_ The invention provides a method for forrnir 
which the temperature and pressure arc controlled, 
and a second vehicle which is both substantially i... 
such a way that dispersion of the solution or sus x 
simultaneously and substantially immediately on intro 
the solution/suspension of the substance is introduc 
solution/suspension and U.j second vehicle occurs' c 
the supercritical fluid and extraction of the vehicles 
shape, crystalline form and other physico-chemical pjr. 
out such a method, using a coaxial nozzle to introdcJ 
the method or the apparatus. 



. pari lies , of a substance, by co-introducing into a panicle formation vessel, in 
a supercritical fluid; a solution or suspension of the sub:>:w * in a first vehicle; 
ciblc with the first vehicle and substantially soluble in the n»percriiical fluid, in 
; 5io :md the second vehicle, and extraction of the vehichs, occur substantially 
*'.<cti j of the fluids into the vessel, by the action of the supe:c..<T.raI fluid. Preferably 
;d separately from the second vehicle, in such a way that crmtact between the 
:ther ? .-ostantially simultaneously with, or immediately before, tiieir dispersion by 
;» the vupercriucal fluid. The method allows a high degree o. . cmfrol over the size, 
erti'i- of the particulate product. The invention also provides apparatus for carrying 
the luids into the panicle forma.: on vessel, and a particul -r^ pre: duct made using 
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METHOD AND APPARATUS FOR THE FORMATION OF PARTICLES 

Field of the Inventiqn 

This invention relates to. the controlled formation of ■ 
5 particulate products, usxng supercritical fluids. It 

provides a method and apparatus for the formation of a . 

substance in particulate form, and the particulate product 

of such a method. ■ 

Background to the Invention 
10 The use of supercritical fluids (SCFs) and the 

properties thereof hive been extensively documented; see 

for instance J.w. Tom and P.G. Debenedetti, "Particle 

Formation with Supercritical Fluids - A Review" , J. 

Aerosol. Sci., 22 (5), pp555-584 (1991). Briefly, a 
15 supercritical fluid, can be defined as a fluid at or above 

its critical pressure (Pc) and critical temperature (Tc) 

simultaneously. Such fluids have been of considerable 
interest, not least because of their unique properties. 

These characteristics include: 

20 

* High dif fusivity , low viscosity and low surface 
tension compared with liquids. 

* High compressibility compared with the ideal gas • 
implies large changes in fluid density with only 

25 slight changes in pressure, which in turn results in 

highly controllable solvation power. Supercritical 
fluid densities typically range from 0.1-0.9 g/ml 
under normal working conditions. Thus, selective 
extraction with one supercritical fluid is possible. 

30 * Many supercritical fluids are normally gases under 
ambient conditions, which eliminates the 
evaporation/concentration step needed in conventional 
liquid extractions. 

Most of the commonly used supercritical fluids create 
35 non -oxidising or Vion- degrading atmospheres for' 

sensitive and theirmolabile compounds, due to their 
inertness and the moderate temperatures used in 
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routine working conditions. Carbon dioxide is the 
■ ' most extensively used SCF due to its cheapness,, non- 
• toxicity; non * f lammabili ty and low critical- • 
temperature. 

5 

These characteristics have led ;to the development of 
several techniques of extraction and particle formation 
utilising supercritical fluids. In particular, two 
particle formation methods have been identified.. 

10 "Rapid expansion of supercritical solution" (RESS) 

(see, for instance, J.w. Tom and P.G. Debenedetti. supra) 
involves the dissolution of the solute of interest in a 
supercritical fluid, followed by rapid expansion of the 
resulting supercritical solution to atmospheric pressure, 

15 resulting in the precipitation of solute particles. 

"Gas anti solvent" (GAS) recrystallisation (P.M. 
Gallagher et al, "Supercritical Fluid Science and 
Technology", ACS Symp. Ser. , 406 , p334 (1989)) is 
particularly useful in situations when the solute of 

20 interest does ivot dissolve in, or has a very low 

solubility in, a supercritical fluid or a modified . . 
supercritical fluid. In this technique, the solute is 
dissolved in a '.onventional solvent. A supercritical 
fluid such as carbon dioxide is introduced into the 

25 solution, leading to a rapid expansion of its volume. As 
a result, the solvent power decreases dramatically over a 
short period of time, triggering the precipitation of 
particles. 

The concept or spraying liquid mixtures into 
30 supercritical fluids such as carbon dioxide, or vice 

versa, has also been employed in solvent extraction . 
procedures for i\ decade (see for instance R.J. Lahiere & 
J.R. Fair in Ind. Eng. Cham. Res., 2G, pp2086-2092" 
(1987)). 

35 More recently. US Patent Number 5.04 3,280 describes a 

method for manufacturing a preparation comprising a 
substance, such as a medically useful substance, and a 
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carrier., such as a pharmaceutical^ acceptable carrier. ' 
which avoids or lacks a : solvent residue, or at least . 
reduces the solvent'' residue to a toxicologically harmless 
amount. The method essentially involves the use of a 

5 fluid, at a supercritical state when introduced into a 

spray tower, to extract a solvent from sprayed solutionis) 
of a substance and « carrier, to form a sterile product 
containing the substance embedded in the carrier. It 
should be noted, however, that the method has no means for 

10 . controlling the physical properties of the particulate 

product formed. 

in many fields, and especially in the fields of 
pharmaceuticals, photographic materials, ceramics, 
explosives and dye*, there is a need for techniques 
15 whereby a particulate product may be obtained with 

consistent and controlled physical criteria, inducing 
particle size and shape, quality of the crystalline phase, 
chemical purity ar.-J enhanced handling and fluidismg 
properties. 

20 n addition, it" would be advantageous to be acxc to 

prepare micron-sized particles directly, without tb* need 
to mill products to that size range. Such milling r:an 
lead to associated. problems such as increased static 
charge and enhanced particle cohesiveness , as well as 

25 reduced product yield. 

A further method for forming particulate products 
using supercritical fluids has been described more 
recently in our co -pending PCT patent application, no. 
PCT/GB94/01426 of' 30 June 1994. which claims priority from 
30 UK patent application, no. 9313650.5 of 1 July 1993 and was 
published as WO-95/01221. in the method described in that 
patent application, a substance to be produced in 
• particulate form is dissolved or suspended in an 

appropriate vehicle. The resulting solution or suspension 
35 is then co- introduced into a particle formation vessel 

with a supercritical, fluid (preferably through a co.-axaa) 
noz7le). in such a way that dispersion and extraction o< 
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the vehicle occur substantially simultaneously by the 
action of the supercritical fluid, and substantially 
immediately on introduction of the fluids- into the vessel. 
Xhe pressure and temperature inside the particle formation 
5 vessel are carefully controlled during this process. 

This method allows a high degree of control over 
conditions such as pressure and temperature and fluid flow 
rates, at the exact; point where particle formation occurs 
(i.e. at the point where the vehicle is extracted into the 

10 supercritical fluid) . it therefore allows great control 
over the size and shape of the particles formed, and over 
other physical and/or chemical properties of the 
particles, including the polymorphic form where several 
are possible. The method is thus ideal for producing 

15 particles for use in fields where such high level's of 

control are necessary, for instance in the manufacture of 

pharmaceuticals, photographic materials, ceramics, etc 

The method obviates the need for milling particulate 
products to a desired size range, thus eliminating the 

20 disadvantages of increased static charge, enhanced 

particle cones i' ; eness and reduced product yield, described 
above. 

The applications of this and other particle formation 
techniques using supercritical fluids are, however, 

25 limited. The vehicle chosen must be soluble in the chosen 
supercritical fluid. Also, the subs tance itself , from 
which particles are to be formed, must be capable of 
dissolution, or at least suspension, in the chosen 
vehicle. It is not. always easy to select a vehicle that 

30 can both dissolve the substance and also itself dissolve 
in the supercritical fluid being used (in practice, 
usually carbon dioxide) . 

An example of a situation in which such problems 
arise is the preparation of lactose. Lactose is commonly 

35 used as a carrier for pharmaceuticals, in tablets and 
capsule formulations and in particular for drugs to be 
delivered by inhalation methods.. It thus needs to be 
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• prepared in the form of particles which have, amongst 
other characteristics, a narrow size distribution, .a high 
purity and an appropriate particle shape. 

However, lactase has very low solubility in 
5 conventional organic solvents which might be used with 
supercritical carbon dioxide in known particle formation 
techniques. Lactose dissolves readily in water, but water 
will not dissolve in supercritical carbon dioxide. It has 
thus, previously, been very difficult to form lactose 
10 particles ' directly- from aqueous solution using known 

supercritical fluid techniques (including that described 
in WO-95/01221) , since the supercritical fluid (typically 
carbon dioxide) would not extract water from the aqueous 
solution, or would do so so slowly as. to be impractical. 
15 Nevertheless, it would be generally desirable to be able 
to form lactose particles in the controlled manner that 
supercritical fluid techniques (in particular that 
describee! in WO-95/03221) would allow. 

It is generally icnown that other sugars and many 
20 amino acids and proteins suffer from similar disadvantages 
to that of lactose, ie. they have very low solubility in 
organic solvents and supercritical fluids /modified 
supercritical fluids (see Stahl et al, "Dense Gas 
Extraction on a Laboratory Scale: A Survey of some Recent 
25 Results"; Fluid Phase Equilibria. 10, p269, 1983) and 
cannot therefore be formed into particles using former 
supercritical fluid particle formation techniques (RESS in 
particular) . Again, as with lactose, it would be 
desirable to be able to produce particulate forms of such 
30 compounds in a controlled manner, for instance for use in 
pharmaceuticals a.nd foodstuffs. 

A related problem arises with many proteins. 
Although solutions of such proteins in organic solvents 
can be prepared, it is generally undesirable to do so 
35 because of the risk of the protein unfolding and 

denaturing (see, for instance, K.A. Dill & Shortle - . 
Ann. Rev. Biochem- . 1991, 60, pp795-825', especially p313) . 
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Thus, it is difficult if not impossible to prepare 
particulate products of such proteins, with acceptable 
biological activity, using known supercritical fluid 
particle formation -techniques . 
5 There are many other examples of substances which 

might otherwise be formed into particles using 
supercritical fluids, but which cannot be sufficiently 
well dissolved or suspended in an appropriate solvent 
which v/iii itself dissolve in a useful supercritical 

10 fluid. • ' 

There is therefore a need to solve this problem, to 
allow the use of supercritical fluid particle formation 
techniques (including the extremely effective technique 
described in WO-95/01221) for substances such as lactose . 

15 and proteins. The present invention sets out to overcome, 
or at least mitigate, the problem. ■ 

Statements of the Invention 

According t:o a first aspect of the present invention, 

20 there is provided a method Tor forming particles of a 

substance, the method comprising the co-introduction into 
a particle formation vessel, the temperature and pressure " 
in which are controlled, of a supercritical fluid; a 
solution or suspension of the substance in. a first 

25 vehicle; and a- second vehicle which is both substantially 
miscibie with tao first vehicle and substantially soluble 
in the supercritical fluid, in such a way that dispersion 
of the solution or suspension and the second vehicle and 
extraction of the vehicles by the supercritical fluid 

30 occur substantially simultaneously and substantially 
immediately on introduction of the fluids into the 
particle formation- vessel . 

As will be. explained below, contact between the 
solution or suspension and the second vehicle may occur 

35 either' at much the' same time as, or slightly before, 

dispersion and extraction by the supercritical fluid - the 
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timing will depend on the nature of the substance from 
which particles are. to be formed, and the nature of th£ 
desired end product. 

In other versions of the process, useful or 
5 advantageous results may still be achieved even if the 
first and second vehicles meet substantially before . . 
introduction to the vessel. 

The substance will typically (although hot always-) be 
one which, as described above, is soluble or substantially 

10 soluble only in solvents which are themselves 

substantially insoluble in the supercritical fluid.. It 
may be a substance which, though soluble in an appropriate 
supercritical fluid-soluble solvent, would suffer 
detrimental effects if 'dissolved in that solvent prior to 

15 particle formation (for. instance, a hydrophilic protein), 
or be otherwise incompatible with such a solvent. It is 
preferably substantially soluble, however, in the first 
vehicle. • 

As used herein, t;>e term "supercritical fluid" ^eans 

20 a fluid substantially at or above its critical pressure 
(Pc) and critical ;:^mp*rature (Tc) simultaneously. In • 
practice, the pressure of the fluid is likely to be in ;the 
range (1.01 - 7.0) Pc, and its temperature in the range 
(1.01 - 4.0)Tc. 

25 The term "vehicle" means a fluid which is able to 

carry a solid or solids, in solution or suspension. Each 
vehicle may be composed of one or more component fluids. 
Both vehicles may be substantially soluble in the chosen 
supercritical fluid, although it is only essential that 

30 the second vehicle has this characteristic. 

As used herein, the term "supercritical solution" 
means a supercritical fluid together with a vehicle or 
vehicles, as defined above, which it has extracted and 
dissolved. The solution should itself still be in the 

35 supercritical state. 
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The term •■dispersion" means the formation of 
droplets, or other analogous fluid elements, of the 
solution or suspension and/or the second vehicle. 

The term "substance" includes substances in a single- 
5 component or multi-component (e.g. an intimate mixture, or 
one component in' a matrix of another)- form. 

The present invention relies on the dissolution or 
suspension of the substance of interest in a first 
vehicle, in whiAh it is preferably substantially soluble, 
10 ■ with "dilution" of the resultant solution or suspension, 
either: beforehand or substantially simultaneously with its 
dispersion by the supercritical fluid, in a (conveniently) 
relatively large amount of a second vehicle specially 
chosen to be soluble in the supercritical fluid used for 
15 particle formation. On "mixing" of the substance and 

first vehicle, with' the second vehicle, at their point of 
contact, hydrogen-bonding and/or similar interactions (eg. 
dipole-dipole interactions) are thought to form between 
molecules/ ions of the first and second vehicles, such that 
20 on contact with the supercritical fluid, the relatively 

small amount of the first vehicle is able to dissolve- into 
the supercritical' fluid with the second vehicle, ie. the 
two vehicles may effectively be extracted together by the 
supercritical fluid to form a supercritical solution. 
25 It is thus preferred that the flow rates of the two 

vehicles, on introduction into the particle formation 
vessel, be such as to create an excess of the second 
vehicle over the first at their moment of contact. 

■ The advantage of the method of the invention is that 
30 it allows the preparation of particles, using a 

supercritical fluid technique, of substances which could 
not otherwise be used in such a technique because of their 
very "low solubility in, or incompatibility with,, the 
necessary solvents. It therefore considerably broadens 
35 the applications available for supercritical fluid 
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particle formation Techniques . 

Moreover, because "mixing" of the two vehicles may 
occur substantially ; simultaneously with, or immediately 
prior to, dispersion and extraction by the supercritical 
5 fluid, a simple solution or suspension of the substance of 
interest in the first vehicle (for instance, an aqueous 
sugar or protein solution) may be introduced into the 
particle formation vessel, without the need to prepare,, 
complex two-vehicle systems beforehand. 

10 • This also means that the substance of interest need 

not be mixed with any incompatible vehicle (s) until 
immediately prior to, or at, particle formation. Thus, 
for instance, a hydroph.il ic protein may be introduced into 
the particle formation vessel in aqueous solution,, and 

15 only comes into contact with the second (usually organic) 
vehicle at or -just before the point of dispersion by the 
supercritical fluid, thus minimising the risk of protein 
denaturing prior to particle formation. 

The method of the invention also .retains all the 

20 advantages of the method described in WO-95/01221. . It 

provides the opportunity for manufacturing dry particulate 
products with highly controlled particle size and shape;, 
by offering control over the .working conditions, 
especially the pressure and temperature, at the exact- 

25 point of particle formation. Such an improved control 
eliminates significant pressure fluctuation across the 
particle formation vessel and ensures a more uniform 
dispersion of the solution or suspension and the second 
vehicle by the supercritical fluid, resulting in a narrow 

30 size distribution for the fluid elements (eg. droplets)' 
formed during the particle formation process. There- is 
little or no chance that the dispersed fluid elements will 
reunite to form larger elements since the dispersion 
occurs by the action of. the supercritical fluid itself, 

35 which also ensures thorough mixing cf the solution or 
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suspension and zhe second vehicle whilst rapidly . removing 
the vehicles from the substance of interest to cause 
particle formation'-. 

The simultaneous co-introduction of the solution or 
5 suspension, the second vehicle and the supercritical 

fluid, into a vessel inside which pressure and temperature 
are controlled, . allows a high degree of control of 
operating parameters such as temperature, pressure and 
fluid flow rates, at the exact point when the fluids come 

10. into contact with ..one another and at the point of 'actual 
particle formation. Importantly, the supercritical fluid 
then acts both to disperse and to extract the two' 
vehicles, as well as to ensure their thorough mixing - 
because of this, controlling the relative flow rates of 

15 the fluids, into the particle formation vessel, allows 
accurate control over the size of the droplets (or other 
fluid elements) formed on dispersion of the vehicles, and 
hence of the particles formed substantially simultaneously 
by extraction of the vehicles into the supercritical 

20 fluid. ! 

Through pressure and temperature control, 

supercritical renditions are ideally maintained, i^ the 
particle forma c ion- vessel at all times. The flow rate of 
the supercritical fluid relative to those of the other 
25 fluids, and its pressure and temperature, should be 

sufficient to allow the supercritical fluid to accommodate 
the vehicles [generally, the vehicles will represent no 
more than around 5* v/v of the supercritical fluid}, so 
that it can extract them from the mixture and hence cause 
30 particle formation. Careful selection of such operating 
conditions ensures the existence of only a single • 
supercritical phase during the entire particle formation 
process, allowing • improved control over particle 
characteristics and substantially eliminating the risk of 
35 residual solvent in the particulate product. 
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Further advantages* for particles formed using a : ''. 
method according to the present invention, include good 
control over the quality of the crystalline and ■ r ; 

polymorphic phases, since the particles will all 
5 experience the same stable conditions of 'temperature and 
pressure when formed., as well as the potential for • 
enhanced purity. This latter feature can be attributed to 
the high selectivity. of supercritical fluids under 
different working conditions, enabling the extraction* of 

10 one or more impurities from the vehicle containing the. 
substance of interest. 

Moreover, the co-introduction of the solution or 
suspension, the second vehicle and the supercritical ; 
fluid, leading to simultaneous dispersion and particle! 

15 formation, allows particle formation to be carried oufc< if 
desired, at temperatures at or above the. foiling point of 
either or both of the vehicles, something not possible 
using conventional particle formation techniques. This, 
enables operation -.i:. : temperature and pressure domains. a 

20 which were previously inaccessible, which in turn can 
allow the formation of products, or particular forms of 
products, that previously could not have been achieved.. 
This, together with -the ; high degree of control of the', 
operating conditions made possible by the present 

25 invention, means that its uses could be extremely wide- 
ranging and its versatility of value in many fields.' 

The substance used) in the method of the invention may 
be any substance which needs to be produced in particulate > 
form. It typically (although not always) either is or 

30 comprises a substance which is soluble, or substantially 
soluble, only in solvents which are themselves 
substantially insoluble' in the supercritical fluid chosen 
for use in the method, or which is incompatible with 
supercritical fluid-soluble solvents. Examples of such 

35 substances,- where the supercritical fluid is carbon 
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dioxide, may include lactose and other sugars, proteins, 

hydrophilic e:f?ym*s, inorganic materials (such as for use 

as "dyestuf f s) ," etc... However, it is to be understood- 

that any substance from which particles are to be- formed 

S may be used in the method of the present ' invention . 

In one- particular embodiment of the invention,* the 

substance from- which particles are to be formed is for use 

in or as a pharmaceutical. However, the end product may 

.in fact be any desired particulate product, for- - instance a 

» ... 

10 product of us* in 'the ceramics, explosives or photographic 
industries; a -foodstuff; a dye; etc... In each;case, the 
principle behind. the method of the -invention remains the 
same;.' the technician need only adjust operating conditions 
in order to effect proper control oyer the substance being 

15 used. : 

The substance may be in a single or multi-component 
form (eg. it could comprise an intimate mixture of two 
materials, or one, material in a matrix of another, or one 
material coated onto a substrate of another, or other 

20 similar mixtux-as) : The particulate product, fonr^d from 
the substance using the method of the invention, .may also 
be in such a multi-component form - as described below, 
such products nay be made from solutions or suspensions 
containing only single component starting materials:, 

25 provided the solutions/suspensions are co-introduced with 
the supercritical fluid in the correct manner. The 
particulate product may also be a substance formed from an 
in situ reaction -nie. immediately prior to, or on, 
dispersion by. thre supercritical fluid) between- two or more 

30 reactant substances carried by the first and second ; 
vehicles 

The supercritical fluid may be any suitable 
supercritical floid, for instance supercritical carbon 
dioxide, nitrous oxide, sulphur hexaf luoride, xenon, 
35 ethylene, chiorot r i r iuoromethane, ethane or 
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trif luoromethane (again, this list is not exhaustive) . A 
particularly preferred supercritical fluid is carbon 
dioxide, due to its relative cheapness, non-toxicity, . non- 
flammability and relatively low critical temperature. 
5 The supercritical fluid may optionally contain one or 

more modifiers, for example, but not limited to, methanol, 
ethanol, isopropancl of acetone. When used, the modifier 
preferably constitutes not more than 201., and more * 
preferably; constitutes between 1 and 10%, of the volume of 

10 • the supercritical fluid. 

The term "modifier" is well known to those persons 
skilled in the art. A modifier (or co-solvent) may be 
described as a chemical which,- when added to a 
supercritical fluid, cnanges the intrinsic properties of 

15 the supercritical fluid in or around its critical point. 

The first and second vehicles may be any appropriate 
vehicles, and may he chosen by the skilled man from within - 
his general knowlen--,e The choice of vehicles in any 
particular case wi.i;. depend on the nature of the sut stance 

20 from which particles r, re to be formed, on the 

supercritical fluid to be used in forming them, and. cin . 
other practical criteria including those governing the 
desired end product* The choice of a suitable combination 
of supercritical fluid, modifier (where desired) and 

25 vehicles for any desired product will be well within the 
capabilities of a person of ordinary skill in the art. 

The first vehicle is preferably one in which the 
substance is substantially soluble, but may itself be 
substantially insoluble in the chosen .supercritical' fluid. 

30 The second vehicle roust: be substantially miscible with the 
first, and substantially soluble in the chosen 
supercritical fluid. For example, where the substance" is 
lactose and the supercritical fluid carbon dioxide, the 
first vehicle might be water and the second ethanol-. ■ 

35 The two vehicles should be chosen on the basis of 
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their polarities, functionalities and other 
considerations", so that for instance one vehicle contains 
functional groups that can hydrogen-bond with an acidic 
proton of the other vehicle, or can otherwise interact 
5 with functional groups contained in the other vehicle. 
Such interactions help to promote the extraction of the 
first . vehicle into the supercritical fluid together with 
the second. 

In the method .of the invention; the. substance of 
10 interest and the first vehicle may be substantially polar, 
the second vehicle then being substantially non-polar and 
both vehicles being substantially miscible in all 
proportions anci preferably substantially soluble in the 
supercritical fluid. 
15 In contrast, <y\ substantially non-polar substance may 

be dissolved in a substantially non-polar first vehicle, 
the second vehicle then being substantially polar and both ■ , 
vehicles beinc, subs t ant i ally miscible in all proportions 
and pref erably SU; .*tantially soluble in the superc; Ltical 
20 fluid. 

These two set;> of conditions are of particular use. .in 
a version of the invention in which the second vehicle 
acts .as an ant < -sci vent for the substance of interest, ie . 
the substance- is substantially insoluble in the second 

25 vehicle. This version of the invention will be described 
in more detail ' below. 

It is to be understood that throughout this 
specification, the. terms "first vehicle" and "second 
vehicle" each encompass a mixture of two or more fluids 

30 which • together have the necessary solubilising, 
miscibility and polarity characteristics. 

As mentioned previously, there is preferably an 
excess of the second vehicle at the point of its contact 
with the first. Typically, the amount of the first 

35 vehicle used will be the minimum possible to solvate the 
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substance so as to creace a single phase solution. This. 
is preferably less than or equal to about 301, more 
preferably less than or equal to about 1C*, of the total 
amount of the first and second vehicles. 
5 The amounts of rhe vehicles used, and their relative 

flow rates, may also depend on whether it is intended that 
some of the vehicle (s) .remain in the final particulate 
product. For instance, .if the first vehicle were water, 

then the amount used co-.tld affect whether the substance \ 
10 .were precipitated in* an anhydrous form, or in the form of 
its monohydrate, dittydrate, or whatever. Thus, the 

concentration of the first, or indeed the second, vehicle | 

in the. eventual mixture; of vehicles may be used to control j 

"doping" of the fini\L particulate product with vehicle ' i 
15 "impurities". The .invention allows a hion degree of . 

control over the residual vehicle content of the final 

particulate product. 

In certain cas-vs, .the amount of the first vehicle 

(for instance, water) used may also determine which 
20 crystalline- form oi \the • substance is formed on treatment 

with the supercritical fluid. 

In a preferred embodiment of the invention, the 

supercritical fluid., the solution or suspension and the 

second vehicle are co-introduced into the particle 
25 formation vessel with concurrent directions of flow, more 

preferably with .substantially coaxial directions of flow, 

such as by using a nozzle of coaxial design. Such a-* . rj 
nozzle has an outlet:' end communicating with the interior . : 

of the particle formation vessel, and' two or more coaxial 

30 passages which terminate adjacent or substantially 

adjacent to one another 1 at the outlet end, at least one of 
the passages serving to introduce a flow of the 
supercritical fluid into the particle formation vessel, at 
least one of the passages serving to introduce a flow of 

35 the solution or suspension of the substance in the first 
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vehicle and at lease one of the passages serving co 
introduce a flow of the second vehicle. 

• The- nozzle is preferably of the type which allows ' 
%> pre- filming" or "sheathing" of at least one of tne: fluids 
5 to occur, immediately prior to its contact with the other 
fluid(s). Note that this is not the same as creating- a 
"jet" or "string" of one fluid to be broken up . by another 
fluid/ Ideally, the nozzle can be used to cause pr's- 
filming of the solution or suspension and/or of the second 

10 vehicle, immediately prior to their dispersion by . the 
supercritical fluid. This means that the dimensions of 
the nozzle passages, and the relative positions of their 
outlets, must be such that a fluid entering through one 
passage is formed, as it reaches the outlet of that 

15 passage, into a. thin film or sheath of fluid, by its 

contact with, • 6 : ay, . the lip of an adjacent passage outlet. 
This film or sheath can then be stretched, and ultimately 
dispersed into separate fluid elements, when it comes into 
contact with a-:, oncoming stream of the supercritical fluid 

20 :Vn another nozzle passage. Clearly, the thickness, of the 
film or sheath/ and hence the sizes of the fluid elements 
formed on dispersion, will depend to a large extent on the 
relative flow rates of the fluids, v.nd a.Vjo on the nozzle 
passage dimens i.ons . 

25 The use ol such an inlet device ensures no contact 

between the formed particles and the vehicles aro,und the 
nozzle tip area, wnich contact would reduce control of the 
final -product size, and shape. Extra control over the size 
of the dispersed vehicle fluid elements, 'in addition to 

30 that provided by the nozzle design, may be achieved 
according to the first aspect of the invention by- 
controlling the flow rates of the supercritical* fluid, the 
solution/suspension and the second vehicle into: the 
particle formation' vessel . At the same time,- the ability 

35 to retain the formed particles in the vessel eliminates 
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the potential for contacc with the vehicles that might' . ! 
•otherwise cake place on eventually depressurising the' j 

supercritical solution * Such contact would affect the j 

I 

shape and size, and potentially the yield, of the product. 
5 Preferably, the opening at the outlet end (tip) of 

the nozzle will have a diameter in the range of 0.05 to 
2mm, more preferably between. 0.1 and 0.3mm, typically 
about 0.2mm. The angle- of taper of the outlet end (with 
respect to the main, axis of the nozzle) will depend-on the 
10 desired velocity of the fluids introduced through the [ 
nozzle; a change in the angle may be used, for instance, 

to increase the velocity of the supercritical fluid and ! 

hence to increase r.he amount .of physical contact between 

the supercritical' fluirt and the vehicle-. Typically 
15 (although not necessarily) , the angle of taper will be in 

the range of about 10° to about 60°, preferably between * '* 

about 10° and 50°, rore • preferably between about 20° and 

about 40°, and mos-;: p.\- ferably about 30 L : The nozzl..- may 

be made of any approp.v « ate material, for example stuiniess 
20 steel. 

In one embodir.-^nt of the invention, the nozzle has 

three coaxial passages, an inner, an intermediate and an 

outer. This design allows both vehicles, and the 

supercritical fluid, to be introduced separately into' the 
25 particle formation vessel. However, the nozzle may have f 

any appropriate number of coaxial passages, some of which ! 

may be used to introduce additional reagents into the i 

particle, formation vessel. One or more of the passages 

may be used to introduce two or more fluids at the same 
30 time, and the inlets to such passages may be modified 

accordingly. 

The solution or suspension of the substance in the 
first vehicle may be introduced through one nozzle 
passage, and the supercritical fluid and the second - 
35 vehicle may be introduced together through another 
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passage: Mixing of the two vehicles then occurs 
simultaneously with their dispersion and extraction by the 
supercritical fluid This may be effected using a two-, 
passage nozzle or, using a nozzle having three or more 
5 passages, the solution or suspension may be introduced 
between" an inner and an outer flow of the supercritical 
fluid/second vehicle mixture, which improves dispersion 
and mixing by exposing both sides of the 

solution/suspension 'to the supercritical fluid and -second 
10 vehicle. 

The internal diameters of the coaxial passages may be 
chosen as appropriate for any particular case. Typically, 
for a three-passage "nozzle, the ratio of the internal 
"diameters of the: outer and the inner passages may. be in 
15 the range of from 2to-5, preferably between about 3 and 
4. The' ratio o: thr internal diameters of the outer and 
intermediate passages may be in the range of from 3 .2 to 
3, preferably between about 1.4 and 1.8. 

Examples of such coaxial nozzles, and their typical 
20 dimensions, are illustrated in Figures 3 and 4. ■ 

The temper /j.tur '3 in the particle formation vessel, may 
be maintained at: a desired level (preferably ±0.1 r X) by 
means of a heating jacket or, more preferably, an oven. 
The pressure in .the particle formation vessel is 
25 conveniently maintained at a desired .level (preferably ±2 
bar at 350 bar) by means of an automated back-pressure 
• regulator. It will#be appreciated that such apparatus 
will be readily available from, for example, manufacturers 
of supercritical fluid extraction equipment, for instance, 
30 from Jasco Inc.,. Japan. > 
Control of parameters such as size, size 
distribution, shape and crystalline form in the 
particulate product will be dependent upon the operating 
conditions used"whe..n carrying out the method of the 
35 invention. Variables include the. flow ra'es of the 
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supercritical fluid and/or the solution or suspension 
and/or the second vehicle, the relative amounts of the two 
vehicles, the concentration of the substance in the fi.cst 
vehicle, and the temperature and pressure inside the 
particle formation vessel. 

It will also be appreciated that - the precise 
conditions of operation will be dependent upon the choice 
of supercritical fluid and whether or not modifiers are 
present. Table 1, for instance, lists the critical- 
pressures and tempora.tures for some selected fluids: 



Table 1 



Fluid 


Pc (bar) 


TC(°C) S 


carbon dioxide [ 


74 


31 - | 


nitrous oxide 


72 


36 1 


sulphur hexafluoride 


37 


45 | 


xenon 


58 


16 H 


ethylene 


51 


10 !! 


chlorotrif luorc::ietiane 


39 


29 • J 


ethane 


48 . 


i * 32 ! 


trif luororne thane 


47 


1 26 J 



15 



20 



In practice, it may be preferable to maintain the 
25 pressure inside the particle formation vessel 

substantially in excess of the Pc (for instance, 100-300 

bar for carbon dioxide) whilst the temperature is only 

slightly above the' Tc . (e.g. 40-60°C for carbon dioxide). 
The flow rates of the supercritical fluid and/or. the 
30 solution or suspension and/or the second vehicle, into the 

particle formation vessel, may be controlled so as" to. 

achieve a desired particle size, size distribution, shape 

and/or form. Typically, the ratio of the 

solution/suspension flow rate to the supercritical f luid • 
35 flow rate will be between 0.001 and 0.2, preferably 

between 0.001 and. 0.1. more preferably between 0.01 and 
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0.07, and most- oreferably around 0.03. The flow race of 
Che supercritical fluid, relative to those of the other 
fluids, is particularly important because the 
supercritical fluid acts to disperse the two vehicles. 
5 Its flow rate therefore affects the. size of the .'droplets 
or other fluid- elements caused by the dispersion, and 
hence of the particles formed by extracting the vehicles 
from those fluid elements. 

The method of the invention preferably additionally 

10 involves collecting the particles following their 

formation, more preferably in the particle formation 
vessel itself. '. The method may also involve recovering the 
supercritical solution formed on extraction of the . 
vehicles into the .supercritical fluid, separating the 

15 components of the solution and re -cycling one or more of 
those components for future use. 

The methc ■ is preferably carried out in a 
substantially continuous, as opposed to batch-wise, 
manner. Apparatus which can be used to carry out the 

20 process continuously is described below. 

According to one particular version of the method of 
the invention, the. 1 substance of interest as only sparingly 
soluble, if at all; in the second vehicle. The second 
vehicle thus a: : ts as an antisolvent for the substance, and 

25 on contact of the second vehicle wich a solution of the 
substance in tr>e first vehicle, the second vehicle causes 
precipitation of v.he substance from its solution. 

In this case, the second vehicle may contain a "seed" 
of the substance or interest, or indeed of any other 

30 suitable material (insoluble in the second vehicle)-, to 
induce riucleation of the substance of interest when the 
second vehicle ■ comes into contact with the solution or 
suspension of the substance in the first vehicle: The 
seed may be, for example, a pharmaceutical^ acceptable 

35 carrier where the substance of interest is for use -in or 
as a pharmaceutical, or it may itself be a 
pharmaceutical active material, to be. coated with a 



,21-02-2003 



WO 96/00610 

Printed: 12-03-2003 



INCANNEX 



PCT/GB95/01523 

• 00990240-US0034436 



; 21 . 

substance, such as a taste-masking agent, which is 
precipitated out of the first vehicle onto the seed. 

When carrying but this version of the invention, the 
various fluids muse, be introduced into the particle ; 
5 formation vessel -in such a way that the second vehicle, 
and the solution or. suspension of the substance of 
interest in the first vehicle, contact one another before, 
and preferably shortly or immedia tely. before , their 
contact with and hence dispersion and extraction by the 

10 supercritical fluid. The second vehicle comes into 

contact with the solution or suspension, and dramatically 
increases the supersatura tion ratio of the resultant 
mixture, causing nucleation and the formation of embryos 
or nucleation sites, which can act as centres of 

15 crystallisation fo:-.. tr~ substance of interest. After and 
preferably immediately' after this, the mixture is 
dispersed by the supercritical fluid, and simultaneously 
the two vehicles are rapidly extracted into the 
supercritical fluic ; ; 1- jading to the formation of a dry 

20 particulate product. 

Dispersion of che mixture of vehicles, which already 
contains growing part-.. :.le embryos, into fluid element* by 
the supercritical fluid allows a high level of control 
over the growth of. the particles and hence over their , 

25 ultimate size. By controlling parameters such as the flow 
rates of the solution or suspension, the second vehicle 
and the supercritical fluid, and the temperature and 
pressure inside the particle formation vessel, it is 
possible to control the size and size distribution of the 

30 particles formed, as w#ll as their snaps, morphology and 
other characteristics, to a great degree of accuracy- 

When the solution. or suspension of the substance. in 
the first vehicle is contacted with the second vehicle, 
and the mixture is dispersed by the supercritical fluid, 

35 the second vehicle "diluent" alters the polarity of the 
resultant supercritical solution. This can minimise 
extraction of the substance by the supercritical solution 
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and hence enhance the yield of the particulate product. 
The mixing ratio, of the second vehicle with the solution 
or suspension of* the substance of interest, should -ideally 
be kept slightly below the supersa tura tion ratio of the 
5 solution/suspension, in particular when the two are mixed 
just before dispersion, because the second vehicle-, acting 
as an anti -solvent for the substance of interest/ can 
cause' precipitation of the substance and eventual blocking 
of the nozzle or other inlet to the particle formation 
10 vessel. 

Because of the need for the second vehicle to act as 
an anti-solvent for the substance, it is virtually 
essential in this version of the invention that the two 
vehicles have very different polar! t res. Thus, for 

15 instance, the substance and the first vehicle may be 
substantially ,p.:laf, whilst the second vehicle is 
substantially non-polar, or vice ver^a. 

Again in t.ais version, the two vehicles are 
preferably both substantially soluble in the chosen 

20 supercritical f.\uiti, and the second vehicle must be 

substantially miserable with the firs; in all proportions. 

Such a ver^ior 1 of the method is preferably carried 
out using a coerial nozzle, as described above, as the 
means for co- introducing the various fluids into the 

25 particle formation vessel. The nozzle can have at least 

three coaxial passages, to allow the separate introduction 
of the solution or suspension, the second vehicle and the 
supercritical fluid and to allow their contact with one 
another at the appiopriate times . Tne outlet of at least 

30 one of the inner nozzle passages should be located a small 
distance • upstream (in use) of the outlet of at least one 
of its surrounding passages. This allows a degree of 
mixing, to occur., between the solution or suspension and 
the second vehicle ^ (and hence also a degree of ^particle 

35 precipitation) within the nozzle - the solution or 

suspension and the second vehicle are introduced through 
the inner passage and surrounding passage in question. 
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The supercritical fiuid.may then be introduced through an 
outer passage {ie. one' surrounding the two passages, 
already mentioned) , and will contact the mixture, causing 
dispersion and extraction to occur, downstream of the 
5 initial point of mixing. The relative flow rates of the 
fluids will determine* how soon after mixing the. two 
vehicles will be dispersed by the supercritical flui-3; 

typically , very short* time intervals will be desired.' ! 
■A nozzle having more than three coaxial passages may i 
10 of course ! be used in this version of the invention. For 

instance, a nozzle having four or more passages may. be ; | 
used to- introduce the solution or suspension and the 

second vehicle (and preferably to cause their pre- i 

filming), between >n inner and an outer flow of the 
15 supercritical fluid, t or instance one through the I 

innermost and one ' chrough the outermost, passage of a four- 

passage nozzle. Again", the outlet of the inner of the two 

passages carrying the solution/suspension and the second 

vehicle must terminate slightly upstream of the outlet of 
20 the outer of these two passages, to allow pre-mixing of 

the solution/suspt-sion and the second vehicle to take 

place. 

In an alternative version of the method of the 
invention, the solution or suspension of the substance , in 
25 a relatively small amount of the first vehicle may be 

added to a relatively large amount of fie. "diluted in") 

the second vehicle/ prior to the co- introduction of the [■ 

mixture into a particle formation vessel with a i 

r. ■ 

supercritical fluid. This may be done where there Is no |& 
30 incompatibility between the substance of interest and the 
two vehicles. Thus, in its broadest aspect, the invention 
simply .involves tha use of the first and second vehicles 
to carry the substance of interest, and the co- 
introduction of the vehicles and substance into a particle 
35 formation vessel Uhe temperature and pressure in which 
are controlled) with n supercritical fluid, in such' a way 
that dispersion of the solution or suspension and the- 
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second vehicle . 4 ani extraction of the vehicles, occur 
substantially simultaneously and substantially immediately 
on introduction* of the fluids into the particle formation 
vessel, by the action of the supercritical fluid. Again, 
5 the two vehicles "mix" and are extracted together' into the 
supercritical fluid. 

Clearly, s?ich a method can be carried out in the same 
manner as is described above. In particular, an excess of 
the second vehicle is preferably used, relative to the 

10 amount of the first vehicle used. 

According. to a second aspect of ' the present 
invention, there is provided apparatus for use in carrying 
out a method according to the first aspect, the apparatus 
comprising a particle formation vessel; means for 

15 controlling the temperature in the vessel at a desired 

level;, means for controlling the pressure in the vessel at 
a desired leve.l ; and means for the co- introduction, into 
the vessel, of the supercritical fluid, the solution or 
suspension of the substance in the first vehicle,, and the 

20 second vehicle, in such a way that contact between the 
solution or suspension and the second vehicle occurs 
either . subs tan :.\ai;.y simultaneously with, or imue&j.ately 
before, dispei v,.o/> of the solution or suspension and the 
second vehicle by the action of the supercritical fluid 

25 and extraction of the vehicles by the supercritical fluid, 
and such that, i.'ie dispersion and extraction occur 
substantially simultaneously and substantially immediately 
on introduction of the fluids into the particle. formation 
vessel. 

30 In general, apparatus for use in carrying out the 

method of the invention may comprise any suitable means 
for co- introducing the fluids into the particle formation 5 
vessel. . However, according to the second aspect of the 
invention, the .means for the co - introduction of the fluids 

35 into the vessel comprises a nozzle having an outlet end 
communicating with the interior of the vessel, and at 
least three (preferably three or four) coaxial passages 



21-02-2003. 



WU 96/00610 

Printed: 12-03-2003 



INCANNEX 



PCT/GB orm * 

00990240-US0034436 



10 



25 • 1 " 

which terminate adjacent or substantially adjacent to one 
another at the outlet end, at least one of the passages 
serving to introduce a flow of the supercritical fluid * 
into the vessel, at least one of the passages serving to 
introduce. a flow of the solution or suspension and at- 
least one of the passages serving to introduce a flow of 
the second vehicle, all fluid flows being in substantially 
coaxial directions , : and wherein the outlet of at least one 
of the inner nozzle passages is located a small distance 
upstream (in use) of the outlet of one of its surrounding 
passages so as to allow, in use, a degree of mixing to 
occur within the nozzle, between the solution or 
suspension. and the -sscond vehicle, when the 
solution/suspension- and the second vehicle are introduced 
15 through the inner passage and surrounding passage in 
question. 

It will be appreciated that, where necessary, such 
apparatus may additionally comprise means for the 
collection: of the T;*xt ,\.-ulate product, for example, me-is, 
such as a filter, for rlhe retention of tae product in the 
particle formation vessel, thus to reduce loss of the 
product together with the supercritical solution also 
formed. An alternative; particle collection means may." 
involve a cyclone separating device. • , • 

The apparatus r:-ay include means for recovering the 
supercritical solution formed, on extraction of the 
vehicles into the supercritical fluid; means for 
separating the components of the supercritical solution; 
and optionally means for recycling one or more of those 
components back into the apparatus for future use, so as 
to increase its overall efficiency. 

It will be further appreciated that the apparatus may 
comprise more than one particle formation vessel and/or 
means for the collection of the particulate product, 
35 thereby allowing for the substantially continuous 

operation of the apparatus through simple switching from 
one particle formation vessel or collection means to 
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another as required. Such adaptation for continuous 
operation represents a further embodiment of the present 
invention. 

The means for controlling the temperature and 
5 pressure in th& particle formation .vessel preferably 

comprise an oven and an automated back-pressure regulator 
respectively, although other appropriate, known! means may 
be used. 

An advantage ' of apparatus according to the "indention 

10 is that it can allow particle formation to occur .in a 
completely closed environment, ie. in a closed particle 
formation vessel. The apparatus can be sealed from the 
atmosphere, makiny it easy to maintain sterile operating 
conditions and reducing the risk of environmental 

15 pollution, and; it can also be kept free of oxygen. 

moisture or other relevant contaminants. The particle 
formation vessal can also easily be made light -free, of 
particular use for the preparation of photosensitive 
products such c,s for use in the photographic industry. 

20 According to a third aspect of the present invention, 

there is provided a particulate product made usincr the 
method of the fir£t aspect of the invention and/or the 
apparatus of the second aspect. 

The prese/.t invention will now be described, by way 

25 of example only, with reference to the accompanying 
illustrative drawings, in which: 

Figure 1 ihows schematically apparatus for us:'8 in 
carrying out a method in accordance with the first aspect 
of the invent ion ,- 

30 Figures 2A and 2B show schematic designs of ' 

alternative sets of apparatus for the same purpose ; 

Figure 3 is a longitudinal section through the outlet 
end of a coaxial nozzle for use in the apparatus of Figure 
1, Figure 2 A or Figure 2B; 

35 Figures <kh and 4B are a longitudinal and a. transverse 

section respectively through the outlet end of an 
alternative coaxial nozzle for use in the apparatus- of 
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Figure 1, Figure 2A-or Figure 2B; 

Figure 5 is an SE*< (scanning electron microscope) 
microaraph of lactose prepared according to Example 1; 
Figure 6 is ar'XRQ (X-ray diffraction) pattern for 
5 the sample shown in Figure 5; 

Figure 7 is an,. SEM micrograph of lactose prepared 
according r.o Example 2; 

^Figure*. 8 is an, XRD pattern for the sample shown, in 
Figure 7; 

10 Figures 9 and 10 are SEM micrographs for' the product 

and starting material (maltose) respectively of Example 3; 

Figures 11 and 12. are XRD patterns for the samples 
shown in Figures 9 and 10 respectively; 

Figures 13 and 14, are SEM micrographs for the product 
15 and starting material 'trehalose) respectively of Example 
4; J . 

Figures 15 and 16 are XRD patterns for the samples 
shown in Figures 13 and 14 respectively; 

Figure 17 is an XRD pattern for sucrose prepared 
20 according to Example 5; : 

Fig. 18 is an .KRD pattern for salmeterol xinafoc^e, 
prepared according to Ifxample 6. 
Detailed Descripticp. 

Figures 1-4 illustrate apparatus which may be used, to 
25 carry out a method .in ;ccordance with the present 

invention, ie. for the. formation of particles. The, 
subsequent examples illustrate how the invention has been 
carried out, in order to prepare particulate products of 
various substances - 
30 Figures 1, 2A and 2B are simplified diagrammatic flow 

sheets of apparatus of use in carrying out the invention, 
and Figures 3 and 4 show nozzles which may be used in such 
apparatus. 

Referring firstly to Figure 1, the apparatus shown 
35 includes a^ particle, formation vessel 6. This is typically 
a standard. reaction vessel, for instance of the type 
available from Keystone Scientific Inc.. of an appropriate 
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capacity for tine particular- use to which it is to' be put. 
The temperature and pressure in the vessel are maintained 
at a constant riesired level, by means of an oven 7 and 
back-pressure regulator 8 (eg. model number 880-81 of 
5 Jasco Inc.) respectively. 

In use, the system is initially pressurised-. and 
stable working conditions are met. A suitable gas, for 
example, carbon dioxide, is fed from source 1 via conduit 
11 te a cooler 2, to ensure iiquif ication, and is fed by 

10 conduit 12 to a pump 4. From there' it is fed by conduit 
13 to- the vessel 6 via a nozzle 20.. A solution of * a solid 
of interest, for example, lactose, in a suitable first 
vehicle, for example water, is drawn from source- 5- by a 
conduit 14 to a pump 3 and is fed by conduit 15 to the 

15 vessel 6 via nozzle 20. a second vehicle, for example 
ethanol, is fed from source 5a to nozzle 20 via conduit 
15a and pump 3.r\. 

The nozzle 20 allows the fluids to be co- introduced 
into the vessel 6, and may be as shown in Figure 3 or 

20 Figure 4. The. nozzle of Figure 3 comprises three coaxial 
tubes 30, 40 and SO which define an inner passage 31, an 
intermediate p-ssrge 41 and an out: er passage 51 
respectively. Tuias 4 0 and 50 have conically tempering end 
portions 42 arr- 3?, the angle of taper of the end portion 

25 52, 6, relative to the main axis of the nozzle, being 

about 30° in this (non- limiting) example. The end of tube 
30 and the tip* of the end portions. 42 and 52 define 
respective ori-Sices 33, 43 and 53, with the orifices 43 
and 53 being a short distance downstream of the orifice 

30 33. ... _ 

In .use of. the' nozzle, fluids introduced through the 
inner and intermediate passages 31 and 41 are "pre- filmed" 
prior to their' contact with a fluid -introduced through the 
outer passage 51. In other words, because of the shapes 
35 and dimensions of ' the nozzle passages, and the relative 
positions of their outlet orifices, fluids reaching the 
orifices 33 and 43 are formed into thin fluid films, which 
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films may then be stretched, and ultimately broken up into j 

individual fluid elements, by a fluid flowing through the 

outer passage 51. 

The nozzle of Figure 3 allows three fluids to be co* 
5 introduced into the vessel 6. For instance, a solution or 

suspension of the substance of interest in the first 

vehicle may be introduced through the inner passage 31, 

the second vehicle through the intermediate passage 41 and 

the supercritical fXu id. through the outer passage 51. 
10 "Mixing" of the solution or suspension and the second " 

vehicle, and their filming, then occurs immediately prior 

to their dispersion by the supercritical fluid between . 

orifices 43 and S3.' It is also possible to add through. 

one o: the three pa^saces a desired carrier or other 
15 additive intended to. fo^rm part of, or be mixed with, - the 

final particulate product. The additive is then dispersed 

simultaneously with- the* substance of primary interest. 

Also, in situ reactions' may be carried out immediately 

prior to, or on, di ::pe?: '3ion by the super". ritical fluid, by 
20 introducing two or ir.ore- reactants in two separate vehicles 

through two of the i>.ozzle passages, the reaction occurring 

at the passage out! ts "either immediately prior to, or on, 

dispersion. 

In the nozzle shown, inner tube 30 has an interna 1 : 
25 diameter of 0.25mm; intermediate tube 40 has an internal 

diameter of 0.53mm; and outer tube 50 has an internal 

diameter of 0.8mm and an outside diameter of 1.5mm. The 

tip opening (53) has an internal diameter of 0.2mm. The 

tubes are all made of s.tainless steel. ■ 
30 However, the nozzle may be made of any appropriate 

material and have any suitable dimensions. For instance, 

the internal diameters of the tubes may be in the ranges 

0.05 - 0.35mm (inner); .0.25 - 0.65mm (intermediate);, and 

0.65 - 0.95mm (outer), preferably between 0.1 and 0.3mm 
35 (inner); 0.3 and 0.6mm (intermediate); and 0.7 and 0.9mm 

(outer) . The tip opening 53 is likely to have an internal 
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diameter in the. range 0.1 ■ 0.3mm, preferably between 0.18 
and 0.25mm. 

An alternative^ form of coaxial nozzle., again for use 
in the apparatus of; Figures 1 and 2 and which again ; causes 
5 "pre- filming" of fluids in its inner passages, is shown in 
Figures 4A and -13. r This nozzle has three coaxial 
passages, an inner 61, an intermediate 71 and anouter 81. 
Their outlet orifices are, respectively, 63, 73 and 83, 
orifices 63 and 73 T>eing a short distance upstream,- in 

10 use, of the orifice 83. The in-use direction of fluid 
flow is indicated by the arrows. ■' 

The inlet lo the intermediate passage 71 is modified 
by the inclusion of. a T-shaped tube 89, which allows the 
introduction into the passage of two separate fluids, 

15 labelled Fluid A arid Fluid B in Figure 4A. These may be, 
for instance, {/.) solution/suspension of a substance in 
a first vehicle, and (B) a second vehicle, in whica case a 
supercritical fluid might then be introduced thrpugh 
passages 61 and 81. of the nozzle. Alternatively , Fluids A 

20 and B might each be a solution or suspension of a reactant 
material, allowing the in situ (ie. in nozzle passage 71) 
formation of a desired product of the two reactanto, which 
product can the-i be produced" in particulate form on 
contact with a supercritical fluid introduced through 

25 cuter passage 81. Clearly, the use of such a modified 

nozzle greatly increases the versatility of the apparatus 
of Figures 1 and 2. allowing a variety of different fluid 
types to be introduced into the particle formation vessel 
in different combinations. 

30 The dimensions for the Figure 4 nozzle are as 

described above in 'relation to the nozzle of Figure 3. 

Using the apparatus of Figure 1, the supercritical 
fluid may be fed under pressure (ie. at a high flow rate 
when compared with. the flow rates of the 

35 solution/suspension and the second vehicle) through for 

example the outer nozzle passage 51 of the nozzle shown in 
Figure' 3 (81 in Figure 4),- the solution or suspension of 
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Che solid of interest 'in a first vehicle may be 
simultaneously f ed : under pressure through the inner" 
passage 31 (61) ; and a second vehicle may be introduced 
through the intermediate passage 41 (71) . It is believed • 
5 that the high velocity supercritical' fluid emerging from 
the passage 51 causes ! the fluids emerging from, the ends of 
passages 31 and 41 : to be broken up into fluid elements 
{eg. droplets) from which the vehicles are substantially 
simultaneously extracted by the supercritical fluid to 

10 result in the formation of particles of the solid 
. previously held in the first vehicle. It is to be * 
understood, however, that although it is believed that 
this is what occurs, we do not wish to be bound by this 
theoretical explanation, and the actual physical processes 

15 occurring may not be precisely as just indicated. 

Also; although a configuration has been described in 
which the supercritical fluid passes through the outer 
passage 51, the first vehicle through inner passage 3l!and 
the second vehicle through intermediate passage 41, the 

20 configuration may be altered if appropriate, and any one 
of the three passr.-e; of the nozzle of either Figure 3 or 
Figure 4, may be ;?se.O to carry any one of a number of 
desired fluids. Similarly, a nozzle having a different' 
number of ' coaxial uassages , or of a different overall! 

25 type, may be used ;.n t:he Figure 1 apparatus. 

The nozzle 20 ensures dispersion of the vehicles by 
the shearing action or the high velocity supercritical 
fluid, and also thorough mixing of the dispersed vehicles 
with the supercritical fluid which simultaneously extracts 

30 the vehicles from the dispersed liquid, resulting in 

substantially immediate particle formation of the solid of 
interest. Because, using the Figure 3 or Figure 4 nozzle, 
the supercritical f lurid and vehicles are introduced 
coaxially", and dispersion occurs substantially 

35 simultaneously with vehicle extraction, ' at the entrance to 
a vessel in which temperature and pressure are carefully 
controlled, a very high degree of control is possible of 
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the conditions (e.g. pressure, temperature and flow rates) 
affecting particle formation at the exact time when it 
occurs. The coaxial introduction also allows both 
vehicles to be extracted into the supercritical fluid 
5 together, even if the first vehicle is substantially 
insoluble in the supercritical fluid. 

The particles formed are retained in the particle 
formation vessel by collecting means 21. The resultant 
supercritical solution is fed by conduit 16 to a back- 

10 pressure regulator ; 8 and is then fed by conduit 1? to a 
separation vessel 9. where it expands to cause the. :, 
supercritical fluid to separate as a gas from the liquid 
vehicles. The gas may be fed by conduit 18 to a tank 10 
and returned by conduit 19 to the cooler 2. The vehicles 

15 may also be collected for subsequent re-use. Means, not 
shown, may be provided to smooth the fluid flow pulse 
produced by pumps 3a and 4, so as to eliminate, or at 
least reduce, a^y flow pulsations. 

When sufficient particle formation has occurred in 

20 the vessel 6, it is flushed through with clean, dry 
supercritical :'. .u;.J'. , so as to ensure removal of .ir.y 
residual vehicle. The vessel can then be depressurised 
and the partic:. Aatr: product removed. 

The alternative apparatuses shown schematically in 

25 Figures 2A and 2B are for use in continuous particle 

formation. That shown in Figure 2A includes two particle 
formation vessels Ka and 6b, each of the type shown in 
Figure 1 and each including an inlet nozzle 20, as 
described above, and a particle collecting means (such as 

30 a filter) 21. Oven 7 and back-pressure regulator. 8 serve 
both vessels . 

In the apparatus of Figure 2A ; valve A controls the ; 
supply of the supercritical fluid, the first vehicle 
(containing the substance of interest) and the second 
35 vehicle to the two vessels 6a and 6b, and one-way valves E 
and F control the outlets from the two vessels to the 
back -pressure regulator 8. Valves D and G control the 
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supply of che two vehicles to valve A. valves B and' C are 

needle valves, and items 80 and 81 are vents. 

The apparatus may be "continuously" operated as 

follows, valve A is firstly set to supply fluids to 
5 vessel 6a, in which . particle formation is allowed to = 

occur, as described in connection with Figure 1. Valve E 

is set so uhat the. resultant supercritical solution u\ky \ 

drain from vessel 6a to the back -pressure regulator 8. for \. 

subsequent: recycling. : : {■. 

10 When sufficient particle formation has occurred, k; 

valves D and G are closed to stop the flow of vehicles, jV 

whilst the supercritical fluid continues to flow through \ 

vessel 6a to dry (flush) the product. Valve A is then set j 

to supply fluids to, th* empty vessel 6b f and valves ;D, and 
15 G re-opened, whilst, va.lve B is opened so. as slowly to - 

depressurise vessels 6a.. One-way . valve ?i: eliminates any j 

chance of a back- flow from vessel 6b or of disruption of I 

the particle formation process now occurring in vessel 6b. 

Vessel 6a is remove 3 for collection of the product, and 
20 then refitted and re-p ;essurised ready for re-use. 

Supercritical solution drains from vessel 6b via valve F, 

which is set appropriately. 

Once -particle formation in vessel 6b is complete"; the 

valves are set back to allow it to continue in vessel 6a, 
25 whilst 6b is flushed and emptied. In this way, particle 

formation in the apparatus can continue uninterrupted. 
The apparatus shown in Figure 2B includes only one 

particle formation vessel 6, which does not contain any 

particle collecting- means , and two particle collection - 
30 vessels 25a and 25b\ downstream of vessel 6. In use, th£ 

supercritical solution carries the formed particles to the 

collection' vessels 25a and 25b. 

The apparatus also includes an inlet nozzle 20, 

preferably as described above, two vents 26, a back 
35 pressure regulator 27, an oven 7 and valves A - H. 

Supercritical fluid, solution or suspension (of substance 

in first vehicle) ~nd second vehicle are fed' to the" nozzle 
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20 where shown . *. 

■The apparatus might be used as follows. initially, 
(valves C,D,E and F closed) the system is pressurised and 
stable working conditions are met; valves B and H are then 
5 closed, driving the flow of supercritical fluid through 
valve A only. The supercritical fluid, the 
solution/suspension of the first vehicle and substance of 
interest and trie "second vehicle are introduced into vessel 
6 and the particles formed are transported by the " 

10 resultant supercritical solution, via valve A, to 

collection vessel 25a which contains a particle' retention 
device. The r-tention device is placed at the outlet of 
the vessel to ensure maximum collection volume. The 
solid-free supercritical solution (the supercritical fluid 

15 and the vehicles) flows across valve G to the back 

pressure regulator 27. on emerging from the back pressure 
regulator the supercritical solution expands into a large 
pressure resistant vessel (not shown) , where the vehicles 
separate from the gas and both can be recycled. 

20 When the collection vessel 25a is full, switching 

takes place, closing valves A and G and simultaneously 
opening valves B and H. This allows the flow of the 
supercritical solution, emerging from vessel 6, J.uto the 
second collection vessel 25b. Valves C and G are opened 

25 after flow switching to ensure a hiah flow of 

supercritical ::luid to flush the full collection vessel 
25a, i.e. the rupercritical solution volume is replaced by 
a supercritical fluid volume. It is estimated that 1*2 
times the volume of the collection vessel, of 

30 supercritical fluid, ensures a dry powder. The Hushing 
time \s generally short owing to the fact that the * 
particles themselves are occupying the volume of the - 
collection vessel, After flushing, valves C and g are 
closed and valye F (a needle valve) is slowly opened to 

35 depressurise the full collection vessel 25a. Since the 
particulate product takes up the vessel . volume only a 
small amount of supercritical fluid is discharged, mainly 
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the internal volume of the fittings involved. 

The full collection vessel 25a is removed and the dry 
powder collected. After refitting and repressurising via 
valve C, the vessel' is ready for re-use as soon as the 
5 second collection vessel 25b, which has meantime been'- 
collecting product from vessel 6, is full. 

The benefits c-f using the apparatus of Figure 2B. . 
include: 

1. The elimination of depressurising and pressurising 
10 steps of the particle formation vessel every tirae 

product is collected. This could mean considerable 
reductions in the amounts of fluids being discharged, 
in particular wheri using a large volume particle, 
formation vessel (scaling up) or expensive high 
15 purity fluids. 

2. Significant titie saving during the flushing (drying) 
procedure, l::* a batch particle formation process 
only a rather small volume of the reaction vessel is 
occupied by t':\.n y oduct and the remaining voluiw . 

20 (where dispersion takes place) is taken up by . 

supercritical solution. This mixture will eventually 
be replaced by at least the same volume of 
supercritical fluid in the flushing procedure, which 
can therefore tak- a long time when scaled up. 

25 3. The environment and workers are less exposed to the 
products during the recovery step. It can be 
difficult to collect products directly from a large 
reaction vesse.1 due to handling inconvenience or 
because the products of interest are light, oxygen or 

30 humidity sensitive which might affect their 

characteristics or purity. 

It is to be understood that the apparatus of either 
Figure 2A or 2B may. be. used to carry out the method of the 
35 present invention. . 

The invention will now be further illustrated by the 
following non- limiting examples. 
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Examples 

The following examples were carried out using a method 
according to the present invention, and apparatus 
generally similar to that, shown in Figures 1-4.. They 
5 illustrate the versatility of the method of the invention, 
its usefulness in forming particles of materials which 
would otherwise be difficult to prepare by supercritical 
fluid techniques and the advantageous effects which can 
thereby be achieved. 

10 

Examples 1 & 2 ~ 

Formation of Lactone Particles 

The following Examples illustrate the successful knd 
controlled formation of crystalline lactose, using carbon 

15 dioxide as a supercritical fluid, despite the very low 

solubility of }.~ct.:..»se in conventional C0 2 -soluble organic 
solvents. Ace rdi ng to the present invention, two 
vehicles were used ■ for the lactose, water as the first and . 
an organic solvent (methanol) , which is miscible. with 

20 water and soluble in supercritical carbon dioxide, as the 
second. 

Example 1 - 

Preparation of Lactose (I) 

25 In accordance with the invention, a solution of 

lactose in a relatively small amount of water and a 
relatively large amount of a second vehicle, methanol, was 
used. . The solution was co-introduced, with supercritical 
CO : , into a particle formation vessel of the type shown in 

30 Figures 1 and 2, through a three-passage nozzle of the 

type sjiown in Figure 3. The preissure and temperature , 
inside the vessel • were carefully maintained at .the .desired- 
operating levels throughout particle formation.-' It is 
thought that the miscible water and methanol were 

35 extracted togecher into the supercritical CO., despite the 
insolubility of water in the supercritical fluid. 
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0.3 g-of alpha- laccose monohycirate was dissolved in 2 
• ml de-ionised water, 98 ml of methanol- was added to the' 
aqueous solution ana t^e mixture was introduced into th r e 
32 ml particle formation vessel through the three-pasfeage 
5 nozzle. The operating conditions were 270 bar and 70°c" 
inside the vessel, a solution flow rate (in the. 
intermediate nozzle "passage) of 0.5 ml/min and a 
supercritical CO- flow 1 rate {in the inner and outer 
passages) of 7.5 mi/min! The product (a fine white 
10 powder) .was collected at the end of the experiment. .An 
SEM micrograph and : XRD' pattern for the product are shown 
in Figures. 5 and 6 respectively. 

Example 2 - 

15 Preparation of Lactase (II) 

In an experiment rimilar to that of Example 1, a 0.5% 
w/v solution of alp.aa-z.actose monohydrate in 
methanol -.water (95:.\ v;'v) was prepared and delivered to a " 
50 ml high pressure 'particle formation vosseJ. via a ;two- 

20 passage nozzle. Thv* working' conditions were 150 bar and 
50°C inside, the ves:?:il, with a flow rate of 0:7 ml/mia for 
the solution and 9 ml/isdn for the supercritical CO,.." The 
collected product was a free flowing, fine white powder ; . 
Figures 7 and 8 shew an SEM micrograph and XRD pattern 

25 respectively for this product. 

The. SEM micrographs for the product;-:* of Examples 1 
and 2 reveal a marked difference in the shape of the 
lactose particles prepared under the different operating 
conditions. The XR!0 patterns indicate the crystalline 

30 nature of the products. 

As can be seen ' from these examples, the present 
invention provides an extremely effective technique 1 for 
the controlled formation of lactose particles using 
supercritical fluids, without loss of control over the 

35 size, shape, form and other properties of the resultant 
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particles. Th±s is achieved despite- the fact that lactose 
has a very low- solubility in many conventional organic 
solvents which, wduld themselves be soluble in 
supercritical carbon dioxide, which has meant that 
5 previously it would not have been possible to precipitate 
lactose using .supercritical carbon dioxide. 

Examples 3-5 

Preparation of other Sugars 

10 These examples illustrate the preparation of. -other 

sugars, which. -like lactose would be -difficult to - produce 
in particulate . form using conventional methods. 

The experiments were carried out using apparatus of 
the type shown in Figures 1 and 2, with the thr^e-passage 

15 nozzle of Figii::e .3. In accordance with the preferred 

version of the- invention, a solution of the desii-.d sugar 
in a first vehicle (water) was introduced into the nozzle 
separately from the second vehicle (ethanol), in which the 
sugar is substantially insoluble but which is itri^lf 

20 soluble in supercritical CO,. The solution and U.e second 
vehicle came .'. nto -contact only immediately prior to their 
dispersion by ^.he supercritical fluid. 

Note tha?:. in Examples 3 and 4, the product sugars had 
an amorphous nature, despite having been prepared from 

25 crystalline starting materials. Amorphous produces have 
great advantages for use as carriers for pharmaceuticals, 
in that they have a relatively high surface area'- they 
can therefore ^arry more of the pharmaceutical and can 
also 'dissolve more quickly than the equivalent crystalline 
• 30 forms'. Their smooth surfaces facilitate the release of 

-the carried pharmaceutical, making them ideal for delivery 
of drugs by, for instance, inhalation methods. 

Using known particle formation methods, it is very 
difficult, and of-;en very expensive, to produce such 
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sugars in amorphous fo>:m. Examples 3-5 therefore 
highlight a highly advantageous application for the method" 
of the present invention. •. 
They also demonstrate the use of the invention to 
5 manipulate the shape and degree of crystalliriity of 

particulate sugars'. 5'.ich manipulation is difficult,"- if 
not impossible, to 'achieve using conventional 
crystallisation metnods. 

10 Example 3 - 

Preparation of Maltose ; 

1.01 g of maltose ^monohydrate (Sigma UK) was 
dissolved in 5 ml of de-ionised water and introduced into 
a 32 ml particle f ynrV..ion vessel through the intermediate 

15 nozzle passage, at, a flow rate of 0.03 ml/min. The: vessel 
was aaintained at 250 bar and 70°C. Absolute ethanol:was 
co-introduced into the vessel through the inner nozzle, 
passage, ac a rate. ->f '0.4 ml/min, and supercritical CO : 
through the outer visage at a rate of 9 ml/min. A free- 

20 flowing white powd^; r w : *s collected. 

The SEM photographs for the product (Figure 9) and. 
the starting material (Figure 10} show a remarkable' 1 '' 
difference' in crystal habit between the two solids. The 
product is in the form of spongy spheres with smooth 

25 surfaces; its XRD pattern (Figure 11) reveals' its 

amorphous nature compared with the crystalline nature of 
the maltose used as the starting material (see the XRD 
pattern in" Figure 12); 
Example 4 - 

30 Preparation of Trehalose 

Trehalose is another sugar used as a carrier for 
pharmaceuticals and to protect . proteins from unfolding 
under certain processing conditions. Its controlled 
preparation in particulate form is therefore' 
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highly desirable. 

In this experiment, 1.01 g of alpha, alpha- trehalose 
dihydrate (Sigma UK) was dissolved in 4 ml of de-ionised 
water and introduced into a 32 ml particle formation 
5 vessel through' the intermediate nozzle passage at' a flow 
rate of 0.. 015 ml/min. The vessel was maintained ' at 250 
bar and 70C. Absolute ethanol was co- introduced "into the 
vessel through; the inner nozzle passage, at a rate of 0.4 
ml/min, and supercritical CCK through the outer passage at 
10 a rate of 8 mL/mi:u A free-flowing white powder was 
• collected. 

The SEM nttcrb graphs for the product (Figure' 13) and 
the starting .material (Figure 14) again show a 
considerable difference in crystal habit .Joe t we en the two 
15 solids. The proc£;:-ct is in the form of spongy, smooth- 
surfaced particles with an enhanced surface area. The XRD 
pattern for tine product (Figure 15) reveals its /amorphous 
nature compared with the crystalline starting material 
(Figure 16) . 

20 : 

Example 5 - 

Preparation or Sr-zrose 

2,04 g of: sur:rose (Sigma UK) was dissolved in 10 ml 
of de-ionised water and introduced into a 32 ml particle 

25 formation vessel through the intermediate nozzle passage, 
at a flow rate of 0.02 ml/min. The. vessel was maintained 
at 250 bar and' 60 C. Absolute ethanol was co-introduced 
into the vessel through the inner nozzle passage.,, at a 
rate of 0.35 ml/min, and supercritical CO : through, the 

30 outer passage at a rate of 8 ml/min. A free-flowing white , 
powder was collected. 

■The XRD pattern for the product (Figure 17) reveals a 
crystalline nature. 

35 Example 6 
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l'f: w/v solution of salmeterol xinafoate in acetone | 
was mixed at a rate of O.lml/min with 0.4 ml/min of n- j 
hexane (antisolvent ) £>rior to introduction to the particle I 
formation vessel throu'gh the intermediate passage of the I 
5 three-component nozzle as in Fig. 4A. Supercritical C0 2 
was fed at: a rate zt 1.5 ml/min through the inner and outer 

passages to disperse the magma (acetone, solution, hexane I 

and the continuously growing salmeterol nuclei/embryos) 

and extract the ac^tone-hexane solvent mixture . Tha'-.' 
10 particle formation vessel was maintained at 150 bar : and M 

60°C. A fine, free -flowing powder product was collected 

and examined by XRD. Fig. 18 shows the XRD pattern which 

indicates a crystalline polymorph I of the drug material. 
This result demonstrates the effectiveness of thxse 
15 methods and apparr; :us to influence crystallisation by. 

addition of antiso: vents before dispersion by the 

supercritical fluid. The opportunity is provided to 

control nucleation anc growth of particles by controlling 

the relative rate f addition of the solution of the 
20 material of interest to the antisolvent, or vice versa. ; 

Example 7 - 

Preparation of Pro'teirv Particles 

In this example, the method of the . invention was used 
25 to prepare the water-soluble' protein R-TEM beta-lactamase, 
again using two vehicles. An aqueous protein solution was 

co-introduced into. 3 particle formation vessel of the type tb 
shown in Figures 1. and 2 with a second vehicle, ethanol, 
which is. both miscible with water and soluble in 
3 0 supercritical CO.. the two fluids were introduced, with 
the supercritical CO., through a three-passage nozzle of 
the type shown in Figure 3, in such a way that contact 
between the aqueous solution and the ethanol, dispersion 

of the solution ai^ the ethanol and extraction of the ; 
35 water and;the ethanol all occurred very close together in 
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time. . It is thought that the aqueous solution and the 
ethanol "mixed;- on -contact, and that the water and ethanol 
were extracted 'together into the supercritical CO ? , despite 
the insolubiliry of water in the supercritical fluid. 
5 A 0.25£ w/v. solution of R-TEM beta-lactamase.- (!:indly 

provided by the Centre for Applied Microbiology, Porton 
Down, ' Salisbury SPh Ode', batch number 1TEM1L88) in de- 
ionised water was 'fed to the .32 ml particle formation 
vessel via the inner passage of the three-passage nozzle, 

10 at a flow rate ;of 0.04 ml/min. Absolute ethanol was co- 
• introauced through* the intermediate nozzle passage at a 
rate of 0.4 ml/min and supercritical C0 r through, the outer 
passage at a rate of 8 ml/min. 

Here, the method of the invention, and the use of a 

15 three-;passage nozzle allowed the aqueous protein- solution 
to be mixed wii.ii the ethanol immediately prior to 
dispersion of tine two vehicles by the supercritical fluid. 
. The contact time between the aqueoui; and the organic 
fluids was so -hort that the risk of protein unfolding or 

20 denaturing was .ainamal - another advantage of using* the 
present invent.: on ' *::o prepare proteins and other ir.ctive 
products . 

The particulate product formed .retained substantial 
enzymatic activity' when tested colorimetrically using the 

25 chromogenic cephalosporin Nitrocefin (Oxoid, Unipath 

Limited, Basingstoke, Hampshire, England), and the-, assay 
method of O'CaAlag.han (C. H. O'Callaghan, A. Morris, S. 
Kirby and A. H ' Sh.Lngler, Antimicrobial Agents and 
Chemotherapy, 1', pp283-288 (1972)). This illustrates the 

30 successful use of , the method and apparatus of the. , 
invention in preparing particulate protein product5 in a 
controlled manner-. - even where the proteins are insoluble 
in, or incompatible with, organic solvents. 

35 The above, examples show how the apparatus and method 
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of the present invention can be used to produce 
particulate producrs of various types in a highly 
controlled manner, without the usual solvent constraints. 
Applications of the invention might include for instance: 
5 * producing controlled size and shape particles of 
products for use in the pharmaceutical, photographic/ 
ceramics, explosives/propellants, dyestuffs and food 
industries and others, especially of products which' 
decompose or are otnerwise compromised when subjected to 
10 conventional particle formation and milling techniques. 

producing solid, stable forms of 'molecules and' 
macromolecules which are difficult to, process or freeze 
dry (e.g. proteins/ peptides and polymers generally). 

producing a particular polymorphic form of a compound 
15 or separating and/or enriching mixtures- of isomers 
(including optical isomers) or polymorphs. 

purifying drugs and other products, by removal of 
trace impurities ( ic \\ ding solvents) . luing control i ■>:?. 
selective precipitfttioa (eg. using the invention to 
2.0 precipitate the imvuricies themselves) . 

coating substrates in a controlled' manner, including 
with thin film liquid coatings. 

controlling "doping" of compounds in products based 
on crystal lattices, or producing intimate blends of two 
25 or more products, such as one product within a matrix of 
another, or one product coated onto or coated with . 
another. 

preparing completely new phases or materials under 
conditions not achievable using conventional particle 
30 formation techniques. 
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1. A method for forming particles of a substance,- the 
method comprising- the co-introduction into., a particle 

5 formation vessel, the temperature and pressure in which 
are controlled, cf a .supercritical fluid; a solution or 
suspension of the- substance in' a first vehicle; and a 
second vehicle which is both substantially miscible* with 
the first vehicle and substantially soluble in the ■ 

10 supercritical f luid, * in such a way that dispersion of the 
solution or suspension and the second vehicle, and 
extraction of the vehicles, occur substantially 
simultaneously and substantially immediately on 
introduction of the fluids into the particle formation 

15 vessel, by the action of the supercritical fluid. 

2. A method according to claim 1, wherein the solution 
or suspension of the substance in the first vehicle is 
introduced into the particle formation vessel separately 

20 from the- second vehicle, in such a way that contacc 

between the solution' or suspension and the second .-ehicle 
occurs either substantially simultaneously with, or 
immediately before, dispersion of the solution or 
suspension and the second vehicle by the action of the 

25 supercritical fluid and extraction of the vehicles by the 
supercritical fluid. 

3. A method according to claim 1 or claim 2, wherein the 
substance -is soluble, or substantially soluble, only in 

30 solvents which are themselves substantially insoluble in 
the supercritical fluid, or is incompatible with a solvent 
which is soluble or substantially soluble in the; 
supercritical fluid.. 

35 4. A- method according to claim 2 or. claim 3, wherein an 
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excess of the second vehicle over the first is achieved at 
their moment of comact, by means of appropriate flow 
rates for the two vehicles on their introduction into the 
particle formation vessel. 

5. A- method according to any one- of the preceding' 
claims, wherein the- amount of the first vehicle used is 
less than or equal to .about 30% of the total amount of the 
first and second vehicles used. 

6. A method according to any one of the preceding 
claims, wherein the" supercritical fluid contains one or 
more modifiers. 



15 7. A method according to any one of the preceding ■ 
claims, wherein one of the two vehicles contains 
functional groups that can hydrogen-bond or otherwise 
interact with functional groups contained in the other 
vehicle. 

20 " \; 

8. A method accoi J.incj to any one of the preceding 
claims, wherein the substance and the first vehicle are 
substantially polar, tns second vehicle is substantially 
non-polar and both vehicles are substantially miscible in 

25 all proportions and, substantially soluble in the 
supercritical fluid'. 

9. 2\ method according to any one of claims 1-7, wherein 
the substance and the first vehicle are -substantially non- 
30 polar, the second vehicle is substantially polar and both 

vehicles are substantially miscible in all proportions and 
substantially soluble in the supercritical fluid. 

10. A method according to any one of the preceding claims 
35 wherein the substance is substantially insoluble in the 



Printed: 12-03-2003 



INCANNEX 



00990240-US0034436 



46 

second vehicle; 

11. A method according to claim 10, wherein the second 
vehicle contains a crystallisation seed, of an appropriate 

5 material which is insoluble in the second vehicle, to 
induce nucleat.von of the substance from which particles 
are to be formed, when the second- vehicle comes into 
contact with the solution or suspension of the substance 
in the first vehicle. 

10 

12. A method according to claim 11, wherein the substance 
from vhich particles are to be formed is for use -in or as 
a pharmaceutical, .and the seed is or comprises a"' 
pharmaceutically acceptable carrier for the substknce. 

13. A method according to any one of the preceding, 
claims, wherein the supercritical fluid, the solution or 
suspension and. 'z he second vehicle are co- introduced into 
the particle form^.ion vessel by means of a nozzle having 

20 *n outlet end < lommunicating with the interior of .che 
particle forma r ion' vessel, and two or more coaxial 
passages which terminate adjacent or substantially . 
adjacent to on*, i nother at the outlet end, at lef.st one of 
the passages serving to introduce a flow of the 

25 supercritical" xlui-i into the particle formation ^vessel, at 
least one of the passages serving to introduce a flow of 
the solution or suspension of the substance in the first 
vehicle and at * least one of the passages serving to 
introduce a flow cf the second vehicle. 

30 . 

14. A method according to claim 13,* wherein the.-. nozzle is 
able to cause pre- filming of the solution or suspension 
and/or the second vehicle to occur, .immediately . prior to 
their dispersion by the supercritical fluid. 

35 
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15. A method according to claim 13 or claim 14, wherein 
the solution or suspension of the substance in the first 
vehicle is introduced into the particle formation vessel 
through one passage of the nozzle, and the supercritical 
5 fluid and the second vehicle are introduced together 

through another passage of the nozzle, such that mixing of 
the two vehicles ckn occur simultaneously with their ' 
dispersion and extraction by' the supercritical fluid. 

10 16. A method according to claim 15, wherein the nozzle 
has at least three' coaxial passages, the solution or 
suspension being introduced between an inner and an. outer 
flow of the supercritical fluid/second vehicle mixture. 



30 



19. A method according to any one of the preceding 
claims, wherein one or more of the following conditions is 
varied in-order to control the size and/or s.ize 
35 distribution and/or shape and/or crystalline form of the 



15 17. A method according to claim 13 or claim 14, wherein 
the nozzle has at Least three coaxial passages, the, outlet 
of at leant one of ..the inner nozzle passages being located 
a small distance upstream (in use) of the outlet of one of 
its surrounding pa^saaes, and wherein the solution or 

20 suspension and the second vehicle are introduced through 
the inner passage v.nd surrounding passage in question, so 
as to allow, in use, s degree of mixing to occur, between 
the solution or suspension and the second vehicle, within - 
the nozzle. . j. ■/ 

25 

18. A method according to claim 17, wherein the nozzle 
has at least four coaxial passages, and wherein the 
solution or suspension and the second vehicle are 
introduced into the particle formation vessel between an 
inner and an outer flow of the supercritical fluid. : 
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particles formed: th : e flow rate(s) of the supercritical 
fluid and/or the solution or suspension and/or the second 
vehicle; the relative amounts of the two vehicles; the. 
concentration of the substance in the first vehicle; the 
5 temperature inside the particle formation vessel; and the. 
pressure inside the particle formation vessel. 

20. A method according to any one of the preceding 
claims, wherein the pressure inside the particle formation 

10 vessel is maintained substantially in excess of the 

critical, pressure of the fluid used. as the supercritical 
fluid, whilst the temperature inside the particle 
formation vessel is maintained at only slightly above the 
critical temperature for that fluid. 

15 

21. A method according to any one cf the preceding 
claims, wherein the ratio of the solution/suspension flow 
rate, into the- ;v..rt f .cle formation vessel, to that of the 
supercritical f>uid is between 0.001 and 0.2. 

20 

22. A method according to any one of the preceding 
claims, which is carried out substantially continuously, 
as opposed to batch-wise. 

25 23. A method for forming particles of a substance, the 

- • > 
method being substantially as herein described . with 

reference to the accompanying illustrative drawings. 

24. Apparatus for use in carrying out a method according 
30 to any one of the preceding claims, the apparatus , 
comprising a particle formation vessel; means for 
controlling the temperature in the vessel at a; desired 
level; means for controlling the pressure in the vessel at 
a desired level; and means for the co-introduction, into 
35 the vessel, of the ' supercritical fluid, the solution or 
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suspension of the substance in the first vehicle, and the 
second vehicle, in such' a way that contact between the 
solution or suspension and the second vehicle occurs 
either substantially simultaneously with, or immediately 
before, dispersion of the solution or suspension and the 
second vehicle by the action of the supercritical fluid 
and extraction of the vehicles by the supercritical fluid, 
and such that the dispersion and extraction, occur 
substantially simultaneously and substantially immediately 
on introduction of the fluids into the particle formation 
vessel, wherein the means for the co-introduction of the 
fluids into the vessel comprises a nozzle having an outlet 
end communicating with the interior of the vessel, and at 
least three coaxial passages which terminate adjacent or 
15 substantially adjacent to one another at the outlet, end, 
at least one of the passages serving to introduce a flow 
of the supercritical . T luid into the vessel, at least one 
of the passages serving to introduce a flow of the 
solution or suspension and at least one of the passages 
20 serving to introduce a flow of the second vehicle, all 

fluid flows being in substantially coaxial directions,., and 
wherein the outlet of at least one of the inner nozzle 
passages is located, a small distance upstream (in use) of 
the outlet of one of its surrounding passages so as to 
25 allow, in use, a degree = of mixing to occur within the 

nozzle, between the solution or suspension and the ; second 
vehicle, when the solution/suspension and the second 
vehicle are .introduced through the inner . passage and 
surrounding passage in question.. 



30 



35 



25. Apparatus according to claim 24, wherein the nozzle 
is able to cause pre-fiiming of the solution or suspension 
and/or the second vehicle to occur, immediately prior to 
their dispersion by the : supercritical fluid. . ' v 
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26. Apparatus according to claim 24 or ciaim 25., wherein 
the nozzle has four coaxial passages. 

27. ' Apparatus according to any one of claims 24-26, 
5 wherein the angle of taper of the outlet end of the 

nozzle, with respect to the main axis of the nozzle, is in 
the range of about 10° to about 60°. 

28. Apparatus according to any one of claims 24~.27, 

10 comprising more than one particle formation vessel and/or 
more than one means' for collecting the particles formed, 
thereby allowing for the substantially continuous 
operation of the- apparatus through switching from one 
particle formation vessel or collection means to another 

15 as required. 

29. Apparatus according to any one of claims 24-28 and 
substantially as herein described with reference to the 
accompanying illustrative drawings. 

20 

30. A particulate product made using a method according 
to any one of claims 1-23, and/or apparatus according to 
any one of claims 24-29. 



25 
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